Abstract A mixed-potential, electrochemical sensor platform is extended to NH 3 sensing by the introduction of a new gold alloy working electrode. A planar, pre-commercial NH 3 sensor utilized LANL's controlled interface approach, and a PdAu alloy working electrode was tested in exhaust of a GM 1.9 L diesel engine downstream of a diesel oxidation catalyst through a slipstream arrangement. A fraction of the exhaust was pulled across the sensor with a pump at 20 L/min. In order to simulate NH 3 slip inside of a full SCR emissions control system, NH 3 was injected immediately upstream of the sensor using a calibrated mass flow controller. The sensor response quantitatively tracked the NH 3 as measured via Fourier transform infrared (FTIR) analyzer. A calibration curve was obtained in the exhaust from an ammonia staircase response with the engine running at steady-state engine conditions resulting in low background concentrations of NO x and HC (<20 ppm) during calibration. Exhaust gas recirculation (EGR) switching and sweeps were used to evaluate the NH 3 sensor response under different amounts of total background NO x . The calibration curve was used to directly compare the [NH 3 ] calculated from sensor response to the gas phase composition measured via FTIR. In general, there was excellent quantitative agreement between the sensor response and the actual NH 3 in the exhaust gas, and fast response time such that transients (<5 ppm) could be easily discerned from baseline. A LANL pre-commercial NO x sensor was tested simultaneously with the NH 3 sensor and the extent of cross-sensitivity between the two sensors will be discussed.
Introduction
Advancements in both combustion system design and emission control technologies have allowed more efficient diesel engines to meet stringent exhaust emissions standards [1] . With very stringent emission regulations currently in place, combustion system design and combustion management are used in conjunction with available exhaust after treatment technologies for optimal reduction of emissions to meet regulatory targets [2, 3] . Current diesel vehicles in the USA are equipped with a diesel oxidation catalyst (DOC) to control carbon monoxide (CO) and hydrocarbon (HC) emissions, a diesel particulate filter (DPF) to control particulate matter (PM), and selective catalyst reduction (SCR) or lean-NO x trap (LNT) to control NO x emissions. In SCR, NO x is reduced to H 2 O and N 2 over a catalyst through the injection of an ammonia source provided by the onboard storage of diesel exhaust fluid (DEF), typically a mixture of urea and de-ionized water. These emission control technologies add significant complexity and cost to a vehicle and some result in additional fuel penalty during operation.
Meeting the EPA Tier 3 emissions reduction requirements while simultaneously increasing fuel economy to meet new CAFE standards [1] will require optimization of advanced combustion strategies and emissions control technologies as well as their state of operation under transient vehicle operation. NH 3 sensors are needed to monitor DEF injection and prevent NH 3 slip. Overdosing the SCR leads to a condition in which unreacted ammonia from the SCR is emitted in the tailpipe exhaust [4] . Although presently unregulated, ammonia slip is considered to be a more harmful pollutant than the NO x emissions by themselves. Ideally, both NH 3 and NO x sensors would be incorporated into a closed-loop system to maintain ammonia close to stoichiometry in the SCR system, and could also serve to monitor engine-out and tailpipe out emissions in order to ensure regulatory compliance.
Mixed-potential electrochemical sensors fabricated via well-established commercial manufacturing methods present a promising avenue to enable the widespread utilization of nitrogen oxide (NO x ), hydrocarbon (HC), and ammonia (NH 3 ) sensing technology. These devices are fundamentally simple in design and construction, inexpensive to manufacture, and robust owing to their close relationship to the wellestablished and ubiquitous automotive Lambda sensor. Mixed-potential sensors develop a non-Nernstian potential due to differences in the redox kinetics of various gas species at each electrode/electrolyte gas interface [5, 6] . The difference in the steady-state redox reaction rates between the "fast" and "slow" electrodes gives rise to the measured mixedpotential response. A patented LANL sensor design incorporates dense electrodes and a porous electrolyte, and reproducible and stable sensors are prepared using a high-temperature ceramic co-fire approach [7] [8] [9] . The use of dense electrodes minimizes deleterious heterogeneous catalysis (leading to reduced sensitivity), and the increased morphological stability of dense electrodes yields a robust electrochemical interface, increasing lifetime durability [7] . In recent years, work has progressed to define desirable manufacturing attributes to incorporate into a low-cost, pre-commercial, automotive platform for the technology [10] .
Previous engine testing results have focused on testing and validating pre-commercial LANL mixed-potential NO x /HC sensors at the Oak Ridge National Laboratory (ORNL) National Transportation Research Center (NTRC) in both diesel and lean burn, gasoline exhaust where the ability to actively shift preferential selectivity of the sensor from NO x to HC species using current bias was demonstrated [11] [12] [13] . The use of a La 0.8 Sr 0.2 CrO 3 electrode (e.g., the "slow" electrode) imparted preferential selectivity to HCs when the open circuit voltage of the sensor was measured against HC level in the engine exhaust. When a current bias was applied to the same sensor, the sensor voltage followed the NO x concentration in the engine exhaust as measured by the Fourier transform infrared (FTIR). We also reported additional work conducted at ORNL on the response of an experimental, tape-cast version of a mixed-potential ammonia sensor [14] to simulate diesel exhaust in a high-flow bench reactor [15] . The use of a dense Au-wire working electrode for preferential selectivity to NH 3 was validated in this work and paved the way for developing a pre-commercial prototype sensor on an automotive platform using the LANL design. The use of a dense gold-palladium alloy working electrode for the pre-commercial prototype sensor imparts preferential selectivity to NH 3 , and avoids the stability problems one typically finds when using thin film, porous Au electrodes, and allows for the fabrication of goldbased mixed-potential sensor using high-temperature, ceramic co-fire (HTCC) methods. Moreover, the preliminary testing of the tape-cast version of the NH 3 sensor using ORNL's highflow bench reactor provided an estimation of the upper limit of the sensor's response time which is an extremely important metric for feedback control of vehicle onboard emissions systems using a sensor. The mixed-potential sensor exhibited a T 90 response time of less than 0.6 s, at the limit of the valve switching speed of the reactor [15] .
In this work, we present recent results from evaluating the performance of a pre-commercial form of a mixed-potential electrochemical NH 3 sensor under engine exhaust conditions at ORNL on a GM 1.9 L CIDI diesel engine. A planar NH 3 sensor with a protective porous overcoat was tested in diesel engine exhaust gas (20 L/min) sampled downstream of the engine's DOC. In order to simulate NH 3 slip in a full SCR emissions control system, NH 3 was injected immediately upstream of the sensor and FTIR analyzer using a calibrated mass flow controller. The sensor response quantitatively tracked levels of injected NH 3 and transients measured via FTIR, using a calibration curve derived from an ammonia staircase response measured in the engine exhaust at steadystate conditions and low NO x and HC concentrations (<20 ppm). Exhaust gas recirculation (EGR) switching and EGR sweeps were used to evaluate the NH 3 sensor response under different amounts of total NO x . This calibration curve was used to directly compare the ammonia concentration [NH 3 ] calculated from sensor response to the gas phase composition measured via FTIR. The degree of cross sensitivity (NH 3 on the NO x sensor and NO x on the NH 3 sensor) was also evaluated. For this work, the operating temperature and current bias applied to the NO x sensor were optimized in order to reduce ammonia cross interference using results from previous testing on a lean-gasoline engine platform conducted earlier at ORNL [13] .
Experimental
Based on the mixed-potential sensor design concept developed at LANL, ESL ElectroScience designed and developed an HTCC structure (both substrate tape and the required screen-printing patterns for the various layers) based on established, commercial manufacturing methods. The original LANL automotive mixed-potential sensor design was based on an alumina platform; however, as reported earlier, this approach led to materials compatibility issues that led to defects in the electrolyte layer and undesirable substrate reaction with the working electrode [10] . A substrate construct based on a fully stabilized, yittria-doped zirconium oxide (YSZ) core structure was developed by ESL and subsequently adopted that resolved these issues [11] [12] [13] . A Pt-heater with independent leads is printed on the backside of the 1-mm-thick, dense YSZ tape that comprises the core of the new ceramic substrate. The Pt-heater is applied to a layer of insulating alumina tape to prevent ionic transport through the sensor body. A standard heater ink composition was used and the required heater resistance was obtained by modifying the heater pattern design. An insulating heater overcoat was then applied to the Pt-heater as protection and to reduce the amount of ambient heat loss and provide a more uniform distribution of heat across the substrate. The sensing component is printed on the opposite side of the ceramic substrate and consists of screen-printed La 0.8 Sr 0.2 CrO 3 (for NO x /HC sensing) or an Au-Pd alloy (for NH 3 sensing) and Pt electrodes coated with a porous 3 mol%-YSZ electrolyte layer. As on the heater side, a layer of insulator is applied to the YSZ platform before the sensor elements are applied. Figure 1 is a photograph of one of the pre-commercial, electrochemical sensors without a protective porous ceramic overcoat in order to see the electro-active elements.
For this work, two sensors, a NO x /HC sensor and an NH 3 sensor, were prepared and packaged for engine exhaust testing. Because this work focuses only on NH 3 and NO x sensing, the NO x /HC sensor will be referred to as the "NO x " sensor. The hardware for the sensor holder and housing are shown in Fig. 2 . The planar sensors were mounted into a machined Macor® packaging with compression contacts and four Pt-leads to make electrical connection to each of the two sensor and two heater pads. The assembly was placed into a specially prepared stainless steel cap with a sealed end and internal particulate shield that surrounds the upper portion of the stick sensor. An O-ring around the Macor® packaging was used to hold the apparatus in place and seal the gas environment. The Pt-heater leads were connected to a constant resistance power supply developed by Custom Sensor Solutions, Inc. This power supply is equipped with analog, closed-loop feedback control electronics to maintain a user-defined Pt-heater resistance set point in order to maintain constant operating temperature during changes in flow rate, exhaust gas temperature, or ambient temperature. In this "cold-wall" set-up, the Pt-heater and exhaust gas heat are the only sources of heat supplied to the sensor components. Unlike λ oxygen sensors that rely on high temperatures to ensure equilibrium electrochemical reactions take place, mixed-potential sensors function below ca. 550°C so that electrode kinetics dominate the sensor response. As such, the typical lower exhaust gas temperatures characteristic to diesel combustion facilitates maintaining precise sensor temperature control using the analog CSS power supplies. U12 LabJack was used to record the voltage and current applied to the heater throughout engine testing. A constant heater resistance throughout the experiment ensured that the sensors were responding to exhaust gas constituents and removed the possibility that the sensor was responding to temperature changes. The sensor leads were connected to a Keithley 2400 source meter with the Pt electrode connected to the positive terminal.
For NH 3 sensing, the Au-Pd/Pt device was selected and operated at zero current bias. For NO x sensing, La 0.8 Sr 0.2 CrO 3 /Pt device was selected and operated in the NO x mode of sensor operation whereby the response voltage was measured under a positive current bias, with current flowing from the Pt electrode to the La 0.8 Sr 0.2 CrO 3 electrode. Figure 3 shows laboratory testing results of the NO x and NH 3 sensors at 500°C when exposed to NO x , NH 3 , and HC species. Figure 3a shows the effect of the application of a current bias to gain preferential selectivity towards NO and NO 2 . Figure 3b clearly shows the preferential selectivity that the Au-Pd working electrode gives towards NH 3 . The relative selectivity that these sensors exhibit to a particular gas species is a strong function of operating temperature and bias current [16] [17] [18] . Evaluation of the sensor performance in the engine exhaust was conducted with a GM 1.9 L 4-cylinder diesel engine installed in an engine test cell at ORNL's Fuels, Engines and Emissions Research Center at the National Transportation Research Center (NTRC). The engine was coupled to a motoring direct current (DC) dynamometer to control engine speed and load. In all experiments, ultra-low-sulfur diesel (ULSD), research grade fuel was used with a certified sulfur content of 7 ppm. Details on the engine platform and characteristics of performance are given by Prikhodko et al. [19] .
Six experiments were performed to evaluate how the sensor response compared to the gas phase composition measured by FTIR. The experiments were selected in order to first obtain an in situ calibration curve for the ammonia sensor, to then test the ability of the ammonia sensor to follow NH 3 transients accurately, and finally, to systematically measure the interference of NO x on the ammonia sensor and the interference of NH 3 on the NO x sensor. The engine experiments performed in this campaign were: cold-start, steady-state operation with staircase NH 3 injection to obtain sensor calibration data, steady-state operation with a series of NH 3 injections to simulate NH 3 slip, EGR sweep to obtain NO x sensor response and NO x sensor calibration data, and finally EGR on/ off and EGR on/off with fixed NH 3 injections to study effect of NO x levels on NH 3 sensor response. The results of engine exhaust testing of LANL pre-commercial mixed-potential sensors during engine start-up have been presented elsewhere in detail, and this segment of the present campaign will not be presented in this work [11, 12] .
During engine start-up, the speed and load are increased in order to warm-up the engine. After the oil and coolant temperatures reach their set point (90°C), the speed and load are set to conditions desired for a given experiment. For steadystate engine operation, where quiescent conditions are achieved so that in situ sensor calibration data may be obtained for quantitative sensor/FTIR comparisons in order to measure sensor accuracy, the engine conditions were 1500 rpm and 5.5 bar brake mean effective pressure (BMEP), and intake mass air flow (MAF) of 95 kg/h. The engine conditions were selected in order to minimize both NO x and HC levels (measured via flame ionization detector, FID). For the EGR on/off and sweep experiments, the engine was held at a constant speed and load of 1500 rpm and 5.5 bar BMEP. During these experiments, EGR was either on or off while the remaining engine operating parameters were controlled by the calibration set by the original equipment manufacturer (OEM). In the EGR sweep experiments, the extent of EGR was adjusted by varying the intake MAF. For these experiments, the MAF was varied from 95 to 50 kg/h. In both cases, the EGR was held at fixed levels for several minutes to allow for averaging of the steady-state gas phase composition and sensor response. As EGR reduces the formation of NO x , this set of experiments was used to track the sensor response to step changes in exhaust NO x content.
A DOC was installed in the exhaust in order to evaluate the sensor response in low levels of HCs. The engine-out exhaust contains relatively high levels of HCs, which are then oxidized in the DOC. The sensing characteristics of the NO x sensor placed before the DOC (engine-out) has been reported in previous work [11, 12] . The total NO x content remains constant before and after the DOC; however, the ratio of NO to NO 2 varies as some NO is oxidized to NO 2 . No attempt was made in this work to alter the NO and NO 2 levels emanating from the DOC. An extractive sampling set-up was employed where raw exhaust was sampled from after the DOC (DOCout) and routed to the sensors via heated lines maintained at 150°C. The individual NH 3 and NO x sensor packages were hooked together in a parallel configuration using 3/8" diameter stainless steel tubing whereby the engine exhaust gas being sampled was split into two streams and then recombined before the inlet to the FTIR that provided real-time analysis of NO x and NH 3 among other exhaust species. A port was inserted downstream of a heated particulate filter and upstream of the NO x and NH 3 sensors to permit introduction of NH 3 from a MKS mass flow controller (MFC) and certified ammonia gas bottle source. The MFC was controlled manually using an analog MKS 247C controller to provide the desired NH 3 concentration at any point during the experiment. The total flow through the sensor housing was adjusted by a needle valve installed upstream of the FTIR sampling pump. Fig. 3 Laboratory sensor testing at 500°C of a NO x /HC sensor (left) and a NH 3 sensor (right) to 100 ppm of various test gases. The selectivity of the NO x /HC sensor is controlled by the application of a bias current (0.2 μA shown here) and shifts the predominant selectivity from HC to NO x . The NH 3 sensor exhibits preferential selectivity to NH 3 (right) by use of a Au-Pd alloy working electrode A nominal flow rate 20 L per minute (LPM) was used for all of the sensor experiments. Where appropriate, the sensor and FTIR signals were aligned to account for transport time.
The sensor temperature (indirectly measured by continuously monitoring heater resistance) and the temperature of the exhaust gas immediately before and after the sensor (measured using Type K thermocouple probes placed in the exhaust stream) were measured to facilitate establishing sensor response-engine operation correlations. The efficacy of using temperature feedback via measurement of heater resistance using Custom Sensor Solutions Constant Resistance Power Supplies (model CRPS-H) to maintain isothermal sensor conditions has been reported in previous work [11] [12] [13] .
Results and Discussion
After the engine and components were brought up to a stable operating temperature, engine speed and load conditions were selected in order to minimize NO, NO 2 , and HC levels as verified by continuous real-time monitoring with the FTIR instrument. The NH 3 sensor was set to an operating temperature of 505°C and the NO x sensor was set to 440°C. As discussed earlier, these sensor operating temperatures are higher than the diesel exhaust temperature and higher than the temperatures at which active exhaust after-treatment takes place. This actually facilitates maintaining precise sensor temperature against the cooler background exhaust gas using the constant resistance power supplies. The sensor sensitivity will fall to zero during temperature excursions exceeding 600°C; however, as long as the exhaust gas temperature does not exceed 1100°C for prolonged periods of time, the sensors will not be affected. The NH 3 sensor was operated at open circuit while a current bias of 0.1 μA was applied to the NO x sensor. Ammonia was injected into the engine exhaust using a manually operated mass flow controller starting at 5 ppm and increasing to 55 ppm and then reversing back to zero. Figure 4 shows the NH 3 sensor voltage response to the staircase addition of NH 3 in addition to a flat, non-changing voltage of the NO x sensor. The NO and NO 2 concentrations were level at 18 and 16 ppm respectively throughout this experiment so this was expected. The temperature and bias current settings for the NO x sensor was judiciously selected in order to minimize cross-sensitivity to the ammonia based on previous engine testing of this sensor at ORNL [9] . The NO x sensor rejection of NH 3 cross-sensitivity is an example of the extent to which mixed-potential sensors may be tuned using these easily controlled parameters. The sensor voltage response to the NH 3 staircase was used to generate a simple map to permit calculation of the NH 3 concentration using the sensor voltage (Fig. 5) . The calculated NH 3 concentration using the calibration in Fig. 5 is also shown compared to the concentration measured by the FTIR in Fig. 4 . There is excellent agreement up to 50 ppm and, at the 55 ppm level, the difference is less than 5 % despite using the simple scaling constants obtained from fitting the sensor voltage as a function of Ln [NH 3 ]. The concentration of hydrocarbons was below 5 ppm during this experiment as measured by the FID. The lack of sensitivity of these sensors to species such as CO 2 , H 2 O (5-12 vol%), and O 2 (1-10 %) has been presented in more detail elsewhere [12, 13, 15] . Moreover, at 505°C, laboratory testing of the NH 3 sensor in ammonia concentrations up to 1500 ppm [20] and 10 % O 2 showed log-linear behavior with good high concentration sensitivity without saturation of the voltage response. Because our DOE programmatic goals for this project focused on demonstrating detection of a trace level of NH 3 at the tailpipe for regulatory and compliance purposes, 55 ppm was the maximum [NH 3 ] tested in these diesel exhaust experiments. However, the exceptionally wide sensing range of this sensor makes it also potentially suitable for SCR or lean-NO x Fig. 4 Ammonia and NO x sensor voltage response to NH 3 injection into diesel engine exhaust upstream of sensors during steady-state engine operation. The NH 3 concentration measured by FTIR is compared to the concentration value calculated from the sensor voltage using simple scaling constants obtained from a plot of sensor voltage vs. Ln(NH 3 ). The constant NO x sensor voltage reflects the constant levels of NO and NO 2 (18 and 16 ppm, respectively) during the experiment as measured by FTIR Fig. 5 A calibration of the ammonia sensor to NH 3 (5-55 ppm introduced into the diesel engine exhaust upstream of the sensor) during steady-state engine conditions. The EGR was set in order to minimize NO and NO 2 (18 and 16 ppm, respectively). The actual [NH 3 ] values used here were measured via FTIR trap (LNT) emissions systems control or onboard diagnostics applications as well.
The engine operating parameters were held constant for the next series of experiments designed to replicate ammonia slip in an SCR system. Stable sensor baselines were observed during 25 min of exposure to engine exhaust prior to introducing ammonia into the engine exhaust. Figure 6 shows five sets of four manually controlled ammonia "injections" with levels held for ∼5-6 s. The actual NH 3 concentrations, as measured by the FTIR, were 25, 12, 6, 2, and 50 ppm. As before, the scaling constants derived from the data in Fig. 5 were used to calculate [NH 3 ] from the sensor voltage.
Comparison of these data to FTIR data is shown to be in excellent agreement in Fig. 7 . For each set of four ammonia pulses, the average absolute error between [NH 3 ] calculated from the sensor voltage and the NH 3 concentration reported by the FTIR was calculated from the data shown in Fig. 7 . The average errors were 2.4, 2.6, 1.5, 32, and 1.8 % for 25, 12, 6, 2, and 50 ppm pulses, respectively. The large average error between [NH 3 ] calculated from the sensor and the concentration measured by the FTIR for the 2 ppm level is attributed to operating the MFC at flow rates below its factory certified value. Overall, these relatively low errors suggest that the NH 3 sensor is able to accurately measure the concentration of the transients repeatedly. The injection-on duration for the final set of four pulses was on the order of 2-3 s with no difference in average error between sensor and FTIR compared to the previous sets of simulated NH 3 transients. A constant, 25 ppm level of NH 3 was then injected for a duration of 4.5 min, and Fig. 8 shows that the NH 3 sensor is stable and tracks the constant [NH 3 ]. These experiments show the ability of the LANL mixed-potential NH 3 sensor to quantitatively track NH 3 concentration in diesel engine exhaust conditions for transients as small as several seconds or for several minutes.
In the next experiment, the MAF altered in order to vary the amount of EGR so that the concentration of NO and NO 2 in the engine exhaust could be changed to test the response of the NO x sensor to its target species. The EGR was varied in stepwise fashion, and the NO and NO 2 levels decreased from 55 and 45 ppm to 5 and ∼1 ppm, respectively. The NO x sensor voltage increased with decreasing NO x concentration as expected [16] and verified that the lack of sensor activity seen earlier was a reflection of successfully optimizing the sensor to reject NH 3 interference. Ammonia was not injected into the engine exhaust at anytime during this experiment. However, Fig. 9 does show that the NH 3 sensor exhibits some crosssensitivity to NO x as the sensor baseline starts at −5.3 mV (at high total NO x ) and raises to +4.9 mV (at low total NO x ). Figure 3b shows that one would expect that the NH 3 sensor would be more susceptible to interference with NO 2 and the initial baseline depression of the NH 3 sensor voltage in Fig. 9 would support this. As the NO 2 level decreases with increasing EGR, the baseline turns positive and this can be explained by the presence of NO, which is expected to give a positive response. The fact that both NO and NO 2 never go to zero, together with the NH 3 sensor baseline response shown in Fig. 9 , illustrate the interplay between both gas species on the NH 3 sensor. Based on these data, it is reasonable to expect that the map of NH 3 sensor voltage to ammonia concentration Fig. 6 Ammonia and NO x sensor voltage response to NH 3 injection into diesel engine exhaust upstream of sensors during steady-state engine operation. The NH 3 concentration measured by FTIR is compared to the concentration value calculated from the scaling constants obtained from calibration data in Fig. 5 . The pulses of NH 3 were used to simulate slip at various levels of overdosing from ammonia addition into an SCR system. The stable NO x sensor voltage reflects the constant engine NO x levels measured by FTIR will need to be adjusted for background NO x levels. However, the interference arising from the complex interplay of some other exhaust gas species in the engine exhaust is not as clear. Total HCs rise to 25 ppm and CO varies between 0 and 200 ppm although the FTIR show that the latter species exhibits oscillatory behavior and not a staircase pattern suggesting a minimal influence on either sensor.
The data from Fig. 9 was used to generate the calibration curves shown in Fig. 10 . Because the engine conditions resulted in similar concentrations of NO and NO 2 , it was difficult to ascertain the species dominating the sensor response a priori. Figure 10a is a plot of the raw NO x sensor voltage versus Ln(NO 2 ) using the NO 2 data recorded by the FTIR. The fit is very good above 1.5 ppm. Figure 10b is the same raw sensor voltage data plotted against NO data recorded by the FTIR and shows a clear hysteresis not seen in the NO 2 data. Figure 10c is a plot of the raw sensor data using total NO + NO 2 , which while improved, still exhibits hysteresis and a less satisfactory fit compared to the NO 2 data. Using the scaling constants as a simple map to calculate NO or NO 2 concentrations using the NO x sensor's voltage does not produce results like we obtained for the NH 3 sensor. Based on the quality of fit in Fig. 10a , one might anticipate replicating the reporting NO 2 concentration with high accuracy, but Fig. 11 shows that this is not the case. Figure 11a shows the results when the EGR was cycled on and off every 30 s in order to vary NO and NO 2 . No NH 3 was introduced. The fact that the NO x sensor tracks the cyclic NO x concentration is evident; however, attempts to use calibration data in Fig. 10 as a simple map of sensor response to either NO, NO 2 , or total NO x is not forthcoming as shown in Fig. 11b . While Fig. 11b shows reasonable agreement at lower NO 2 concentrations, there is up to 20 % error at higher NO 2 levels. Similar disagreements were found using maps for NO or NO + NO 2 (i.e., scaling constants from Fig. 10b, c) . Clearly, unlike the ammonia sensor results, more testing will be required in order to produce a robust sensor map to accurately produce NO x concentrations from sensor voltage in the accuracy range of the FTIR instrument. Engine-out concentrations of NO x in diesel exhaust are heavily dependent on calibration strategy and drive cycle conditions but typical levels are between 50 and 1000 ppm [21] so the NO x levels studied here more closely represent the lower range of the typical engine-out NO x concentrations and those within or downstream of an emissions control system. Figure 11 again shows that the NH 3 sensor baseline is affected by the presence of NO x , as the cycling behavior is attributable only to the variation in level of NO x . In order to measure the effect that NO x has on the accuracy of [NH 3 ] predictions using the ammonia sensor voltage, a final experiment was conducted where the EGR was cycled twice while 10 ppm of NH 3 was introduced at the midpoint of each EGR cycle. The MAF varied from 71 to 95 kg/h, but the engine load remained relatively constant. Figure 12 shows the NH 3 and NO x sensor voltages as well as the FTIR data showing NO, NO 2 , and NH 3 concentrations. As expected, the decrease in the amount of EGR led to an increase in NO and NO 2 concentrations, which was recorded by the NO x sensor response. The NH 3 sensor showed a strong response to the 10-ppm NH 3 injections (in excess of 60 mV), irrespective of the change in NO x levels. Again, these data suggest that the sensor could fulfill the role as a slip sensor. However, this is not to say that the NH 3 sensor was unaffected by the change in the level of NO x present.
It is important to note that while the baseline perturbations look significant in Fig. 12 , these sensors produce a logarithmic output, so an increase in baseline noise is the only real effect in calculating [NH 3 ]. For application purposes, it is important to ascertain the accuracy of predicting non-zero levels of NH 3 . Figure 13 is a plot of the NH 3 concentration predicted using the NH 3 sensor voltage (and using the calibration data from Fig. 5 ) and the actual NH 3 concentration reported by the FTIR. The variation in ammonia sensor baseline was removed in this plot using a low concentration cut-off filter (rejecting data below 1-2 ppm) so that ammonia zero-point aligns for both data sets. For the first NH 3 pulse, the NO and NO 2 levels were 16 and 15 ppm, respectively, and since these NO x levels Fig. 11 a NO x sensor results while cycling amount of EGR (in 30-s intervals) with effect of NO and NO 2 cross-sensitivity on NH 3 sensor baseline, and b comparison of NO 2 concentration calculated from NO x sensor voltages (using Fig. 10a ) to FTIR Fig. 12 Ammonia and NO x sensor voltage response to NH 3 injection (10 ppm) into diesel engine exhaust upstream of sensors while amount of EGR was cycled to vary NO x level. The injected NH 3 was used to simulate slip caused by overdosing in an SCR system at different levels of background NO x in the diesel engine exhaust Fig. 13 Comparison of NH 3 concentration level measured by FTIR to that level calculated from NH 3 sensor voltage using scaling constants from calibration curve (Fig. 5 ) during 10 ppm NH 3 injections at 49 % (peaks 1 and 3) and 4 % EGR (peaks 2 and 4). The level of NO and NO 2 measured by FTIR at the time NH 3 was introduced into the engine exhaust is indicated preceding the peak. The effect of NO x crosssensitivity on the sensor map is evident from the difference in the calculated vs. actual NH 3 concentration during periods of low EGR (peaks 2 and 4) are very similar to the NO x levels seen during the acquisition of in situ NH 3 calibration data, there is excellent agreement between sensor and FTIR as before. However, during the second NH 3 pulse, at the time of the introduction of the NH 3 , the NO and NO 2 levels rose to 44 and 28 ppm respectively and effect of NO x species on the NH 3 sensor calibration can clearly be seen in Fig. 13 . The NO x sensor underpredicts the measured peak NH 3 concentration (FTIR) by 24 %. Once the EGR was restored and the NO x levels were reduced, the sensor and FTIR were once again in excellent agreement. For the last NH 3 pulse, the NO and NO 2 levels rise to 53 and 42 ppm respectively and this results in the sensor underpredicting the actual NH 3 concentration by 33 %.
It is clear from these results that the effect of the NO x species on the NH 3 sensor is to interfere with, and reduce the mixed-potential voltage generated from the NH 3 . The simple mapping of NH 3 sensor voltage to Ln(NH 3 ) will need to be corrected for the amount of NO x present; however, the NO x sensor is available to fulfill this role. As was shown by the experiments leading to the in situ NH 3 sensor calibration (e.g., Fig. 4) , the demonstrated minimal cross-sensitivity of the NO x sensor to NH 3 (by careful selection of temperature and current bias settings) is a very desirable characteristic. Inspection of Fig. 10a , b for the levels of NO 2 and NO reported in Fig. 13 will show that the NO x sensor possesses sufficient fidelity to resolve the changes in voltage that correspond to the range of NO 2 and NO reported by the FTIR. Therefore, in principle, the NO x sensor could be used to refine the map for the NH 3 sensor in order to correct for the underprediction of the NH 3 concentration shown in Fig. 13 . Once the calibration for the NO x sensor is better understood and refined, a dual mixedpotential sensor approach-whereby the NO x sensor output is used to refine the NH 3 sensor map in real time-will be the focus of future engine experiments to demonstrate high-accuracy, high-sensitivity measurement of NH 3 in diesel exhaust.
Conclusions
Planar mixed-potential sensors fabricated by HTCC manufacturing methods were evaluated in engine exhaust conditions on a GM 1.9 L diesel engine at the ORNL. Utilizing a Pd-Au working electrode, the NH 3 sensor quantitatively tracked ammonia injected into diesel engine exhaust sampled after the DOC with no more than 5 % discrepancy at 55 ppm NH 3 and low levels of NO x . A log-linear relationship between sensor voltage response and NH 3 concentration was observed under various engine operating conditions. A simple map was utilized to accurately measure simulated NH 3 slip with concentrations varying from 50 ppm to as low as 2 ppm for constant NO x interference levels. Varying NO x interferent levels were found to introduce as much as 33 % error into the calibration used to calculate the NH 3 concentration from the sensor voltage response. The NO x sensor voltage response qualitatively tracked total NO x content while showing no cross-sensitivity to NH 3 , a result of proper tuning of operating temperature and bias conditions based on prior sensor testing at the NTRC. The log-linear relationship between sensor response and NO and NO 2 concentration was shown, though a simple map used to convert sensor voltage to NO x concentration exhibited error up to 20 % for the highest NO x levels observed. However, results were presented that demonstrate the possibility to use the output from the NO x sensor as a means to refine the NH 3 sensor map to correct for NO x interference over the ranges encountered in these engine experiments (<100 ppm total NO x ). These results suggest that the planar mixed-potential sensors based on a patented LANL sensor design fabricated by ESL using commercial HTCC methods are a promising technology for meeting the sensing needs of advanced combustion methods and emissions control systems.
